The transmission resonance characteristics of a gold double-layered compound grating (DCG) are investigated numerically using the rigorous coupled-wave analysis (RCWA) method. The DCG is assumed to comprise two identical single-layered gratings separated by an air gap with a thickness of 0 $ 250 mm. Furthermore, each grating is assumed to comprise two slits with different widths (w) within each period. The physical origins of the transmission features of the DCG structures are examined using the finitedifference time-domain (FDTD) method. The RCWA results show that the optical transmission spectra of the considered DCG structures can be tailored over a wide range of wavelengths via a suitable adjustment of the air gap thickness. Moreover, it is shown that, for values of the air gap thickness greater than 100 nm, the transmission spectrum of the DCG structure converges toward that of a single-layered compound grating (SCG). Overall, the results presented in this paper show that the optical transmission properties of a metallic DCG are highly sensitive to the thickness of the air gap between the two grating structures. As such, DCG structures are ideally suited to the realization of proximity sensors and other photonic-based optical devices.
Introduction
The extraordinary optical transmission (EOT) property of optically thick metallic films perforated with 2 two-dimensional (2-D) array of tiny holes was first identified in 1998 [1] . Since then, many investigations have been performed to clarify the origins of the EOT phenomenon in grating structures comprising periodic arrays of rectangular slits, circular holes, U-and H-shaped apertures, Z-shaped blocks, perpendicular bumps and cuts, and so on [2] - [13] . In general, the authors suggested that EOT is the result primarily of two different types of transmission resonance, namely coupled surface plasmon polariton (SPP) resonance and Fabry-Perot (FP)-like resonance. However, some researchers have identified a third type of resonance in compound metallic grating structures referred to as phase resonance [14] - [20] . Phase resonance has the effect of splitting the FP-like resonance peak due to a change in phase of the magnetic field within the adjacent slits in each period. It has been shown that EOT has many applications in the photonics, biophotonics, data storage, light generation, light extraction, and photolithography fields [21] .
The literature contains many investigations into the EOT properties of metallic single-layered compound gratings (SCGs) or double-layered gratings (DGs). For example, Chan et al. [22] showed that the electromagnetic (EM) transmission through a DG can be controlled by changing the lateral displacement ðLÞ between the two singled-layered gratings (SGs) while maintaining a constant air gap thickness ðGÞ between them. Cheng et al. [23] proposed a DG structure in which the EM transmission spectrum was tuned by varying both L and G. Recently, Xiang et al. [19] examined the transmission properties of a SCG consisting of two slits with identical widths in each period. It was shown that the optical transmission could be enhanced (or suppressed) by filling the two slits with dielectric media with different refractive indices. In general, the use of DG, SCG, and complex structures to tailor the spectral transmission properties of photonic-based optical devices has received extensive attention in the literature. However, the feasibility of tuning the transmission spectrum of simple double-layered compound grating (DCG) structures made of a single material by changing only the air gap thickness between the two grating structures has not yet been examined. Accordingly, in this paper, the optical response of a DCG structure made of gold (Au) is examined as a function of the air gap thickness ðGÞ for wavelengths in the range of 500 $ 1000 nm using the rigorous coupled-wave analysis (RCWA) method. In addition, the physical mechanisms responsible for the transmission response of the DCG structure are investigated using the finite-difference timedomain (FDTD) method. In general, it is shown that the transmission spectrum of the DCG structure can be easily tuned over a wide wavelength range by simply adjusting the thickness of the air gap between the two gratings. Furthermore, it is shown that the spectral response of the DCG structure converges toward that of an SCG structure given values of the air gap thickness greater than 100 nm. Fig. 1 presents a schematic illustration of the DCG considered in this paper. As shown, the structure comprises two identical Au SCGs placed in ambient surroundings and separated by an air gap with a thickness G. Each SCG has the form of a slit array with a period Ã ¼ 1000 nm, slit widths w 1 ¼ 200 nm and w 2 ¼ 100 nm, and thickness h ¼ 500 nm. The present analysis considers only the transverse wave ðHÞ incident on the DCG surface, whose magnetic field component is parallel to the slits. In analyzing the optical transmission of the DCG, the dielectric function " of Au is described using the Drude model as follows:
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where " 1 is the highfrequency contribution and has a value of " 1 ¼ 1, ! p is the plasma frequency and has a value of Fig. 1 . Schematic illustration of gold DCG structure with the grating period Ã, the widths of the first and second slits in each period w 1 and w 2 , respectively, the grating thickness h, and the air gap thickness G. Note that the normally incident transverse magnetic wave ðHÞ impinging on the grating at normal incidence.
16 Hz, À is the damping factor and has a value of À ¼ 4:08 Â 10 13 Hz, and ! is the angular frequency of the incident light [24] . In this paper, gold is selected for calculation because it is resistive to oxidation. Moreover, in fabrication, its deposition with high quality is relatively easy, and its thickness can be well controlled.
In the present study, the optical transmission properties of the DCG are investigated using the RCWA method [25] - [29] , while the physical origins of the transmission features are examined using a 2-D FDTD method (OptiFDTD) [30] , [31] . The FDTD method is implemented using a spatial mesh size of Áx ¼ Áz ¼ 5 nm and a time step of Át ¼ Áx =2c (where c is the velocity of light in a vacuum) [23] , [32] . In addition, the boundary condition in the z-direction is specified as a perfectly matched layer, while a simple periodic boundary condition is applied in the x -direction. Fig. 2 shows the transmission spectra of DCG structures with air gap thicknesses of 0 $ 150 nm for wavelengths ranging from 500 $ 1000 nm. Note that the transmission spectrum of a gold SCG structure with equivalent geometric parameters (i.e., Ã ¼ 1000 nm, w 1 ¼ 200 nm, w 2 ¼ 100 nm, and h ¼ 500 nm) is also provided for comparison purposes. It is seen that the peak transmission of the SCG (labeled as A in the figure) has a value of approximately 0.8 and occurs at a wavelength of 720 nm. For the DCG with an air gap thickness of G ¼ 0 (i.e., the two SCG structures are simply stacked one on top of the other), the transmission spectrum exhibits two separate peaks (B1 and B2). As the air gap thickness is increased to 100 nm, the two peaks shift toward one another and merge to form a single peak with an intensity of approximately 0.7 at a wavelength of 723 nm. In other words, the peak transmission of the DCG structure (D) occurs at around the same wavelength as that of the SCG structure. As the air gap thickness is further increased to 150 nm, the peak transmission intensity (E) occurs at approximately the same wavelength (714 nm) but has a significantly lower intensity ($0.2).
Results and Discussion

Transmission Spectra
Previous studies have shown that the optical transmission properties of a DCG can be tailored by simultaneously changing G and L or by filling the slits with dielectric media with different refractive indices [19] , [22] , [23] . However, the results presented in Fig. 2 show that the transmission properties of a DCG structure can also be adjusted by simply increasing or decreasing the air gap as required. Importantly, the DCG structure considered in this paper is not only fabricated of a single material (thereby reducing the material cost) but also has a simple rectangular profile with an aspect ratio of h=w ¼ 1:25 $ 1:7 and is therefore easily fabricated in a single-step nanofabrication process. In addition, the DCG structure can be also made of silver (Ag), and its transmission spectra possess a similar characteristic with those of the gold structure when changing the air gap thickness G. The spectra of the Ag grating all shift to shorter wavelengths a little (not shown for simplicity) as compared to those of the Au grating. In this paper, however, gold is selected due to its attractive property, and thus, the analytical results based on the Au grating are discussed. Overall, the proposed structure provides a low-cost and effective solution for tuning the spectral transmission of photonic-based optical devices in the visible and near IR regions. Fig. 3 (a) and (b) shows the effects of the air gap thickness G on the wavelength difference ðÁÞ between the two peaks in the DCG transmission spectrum and the peak transmission intensity, respectively. It is seen in Fig. 3(a) that the wavelength difference reduces linearly as G is increased from 0 to 100 nm. From inspection, Á is related to G via the expression y ¼ À2:2136x þ 199:68. However, as the air gap thickness is increased from 100 to 250 nm, the transmission peaks merge to form a single peak, and the peak transmission intensity varies nonlinearly with G [see Fig. 3(b) ]. Overall, Fig. 3 shows that the DCG structure considered in this paper has many potential photonic applications by simply shifting, opening, or blocking the transmission spectrum via an appropriate control of the air gap thickness G. For example, the results presented in Fig. 3(a) suggest that the DCG structure can be used to realize a proximity sensor by specifying the air gap thickness in the range of 0 $ 100 nm.
Investigation on Physical Mechanisms
In order to clarify the transmission features of the SCG and DCG structures shown in Fig. 2 , the amplitude and phase distributions of the magnetic field in the slits between two gold grating ridges (white regions) were computed at wavelengths corresponding to peaks A, B1, B2, C1, C2, D, and E using the FDTD method. For the phase distributions plotted here, it is known that the phase resonance effect cannot occur in simple periodic gratings concluding one slit per period because the fields in all sits of these gratings are equal due to the pseudoperiodic condition [14] . In this paper, however, the DCG structure comprises two slits within each period in which more degrees of freedom are added. As a result, the phase distribution in the different slits in each period has different configurations, where a reversal phase between adjacent slits exists. Such phenomenon causes to splitting of the resonances and enhancement of the magnetic field inside the slits [14] . Fig. 4(a) -(c) shows the corresponding results obtained for peaks A (SCG), D ðG ¼ 100 nmÞ, and E ðG ¼ 150 nmÞ, respectively. It is seen that, in every case, the FP phenomenon occurs within the slits. Moreover, it is noted that the orders of the FP-like modes in the second slit are the same (i.e., N ¼ 2). The FP-like modes can be defined via the following approximate resonant transmission equation [3] , [5] : where k 0 ¼ 2= is the wave vector of the incident light in a vacuum, is the wavelength of the incident light in a vacuum, n eff is the effective refractive index of the coupled SPPs, h is the thickness of the grating, Á is the phase change within the slits, and N is an integer [3] , [5] . As shown earlier in Fig. 2 , the SCG exhibits the highest transmission peak of the considered structures (peak A, intensity $0.8), while the DCGs with air gap thicknesses of 100 nm and 150 nm, respectively, have the lowest peaks (peak D, intensity $0.7; peak E, intensity $0.2). The results presented in Fig. 4 suggest that the reduction in the transmission intensity with an increasing air gap thickness is the result of a change in the phase distribution. Specifically, for the SCG [see Fig. 4(a) ], the incoming light (in-phase) exits the slits of the grating structure as out-of-phase light (as indicated by the orange and blue regions in the lower figure) . By contrast, the light exiting the slits in the DCGs with air gap thicknesses of 100 nm and 150 nm, respectively, is in-phase [as indicated by the orange regions in the lower figures of Fig. 4 (b) and (c)]. Moreover, Fig. 4(b) and (c) shows that the magnetic fields within the slits of the second layer of the DCG structure with G ¼ 150 nm are weaker than those within the slits of the second layer of the DCG structure with G ¼ 100 nm. It was revealed that the suppression of the transmission intensity of a DCG with G ¼ 150 nm is the result of the destructive interference of all orders of the diffracted fields in the first layer by the reflected fields from the second layer [33] . For instance, the first and zeroth diffraction orders exist in the first SCG propagating in the air gap with an existed out of phase as demonstrated by peak A [see Fig. 4(a) ], and they interfere with each other, as well as upper diffracted fields formed by the second SCG. As a result, a destructive interference appears in the air gap, which causes a deduction of transmission efficiency, as shown by peak E. Overall, the results presented in Fig. 4 suggest that the enhanced transmission intensity of the SCG structure is caused by the phase resonance. Fig. 5(a)-(d) shows the amplitude and phase distributions of the magnetic fields within the slits between two gold grating ridges (white regions) of the DCGs with G ¼ 0 nm and G ¼ 50 nm at wavelengths corresponding to peaks B1, B2, C1, and C2, respectively, in Fig. 2 . As for the grating structures shown in Fig. 4 , the FP phenomenon is observed in every case. However, the orders of the FP-like modes in the second slit of the grating shown in Fig. 5(a) are greater than those of the grating shown in Fig. 5(b) . In other words, for the DCG with G ¼ 0, the light exiting the second slit is out-of-phase, as shown in the lower figure in Fig. 5(b) . As a result, an enhanced optical transmission intensity is obtained, as shown by peak B2 in Fig. 2 . In addition, peaks B1 and B2 of the DCG are from peak A splitting of the SCG when adding another SCG layer. This peak splitting is due to the changing of the grating thickness h because, as shown in (1), the phase difference Á depends on the wave vector, refractive index, number of FP modes, and grating thickness. Attaching a 500-nm-thickness layer to the SCG makes h increasing two times, and from (1), the phase change results in splitting the spectral peaks [14] .
Unlike the behavior of peaks B1 and B2, neither the phase retardation nor the FP modes of peaks C1 and C2 are significantly different [see Fig. 5(c) and (d) ], but the phase concentrating inside the air gaps between the two layers are different. The shifts observed in Fig. 2 from peaks B1 to C1 and B2 to C2, respectively, are clearly evidenced in the H field distribution plots shown in Fig. 5 . For example, the H field within the second slit of the DCG at the wavelength corresponding to peak B1 ( Fig. 5(a) , G ¼ 0 nm) is stronger than that within the second slit of the DCG at the wavelength corresponding to peak C1 (see Fig. 5(c) , G ¼ 50 nm). Furthermore, the phase shift in the second slit also decreases as the air gap increases (as indicated by the green region in the lower figure in Fig. 5 (c) compared with the red region, the phase existed from the upper layer). In other words, a red shift in the transmission spectrum occurs as the air gap is increased from G ¼ 0 nm to G ¼ 50 nm (see Fig. 2 ). By contrast, peak B2 undergoes a blue shift toward a shorter wavelength (peak C2 in Fig. 2 ) since, as shown in Fig. 5(d) , at peak C2, the H field within the slits reduces for G ¼ 50 nm while the phase shift increases [see orange region in lower figure of Fig. 5(d) ].
As can be seen in Figs. 4 and 5, the magnetic field distributions are concentrated on the upper interface between gold and air of the first SCG. By contrast, at the top of the second layer, those fields disappear, and they behave as the standing waves in the grating grooves. The diffracted fields, at the top of the grating, are nonzero-diffracted order evanescent waves propagating along x -direction known as SPP waves. Those modes play a minor role to transmission spectra in this paper as demonstrated, although plasmon surface modes are excited by gold gratings. For example, the excitation of plasmon surface modes results in a sharp and narrow band transmittance dip in a spectrum. However, in this paper, only wide-band spectral peaks around 700 nm were obtained, and it reveals that the phase resonance effect plays a role in optical transmission.
Conclusion
This paper has used the RCWA and FDTD methods to investigate the optical transmission characteristics of a gold DCG structure comprising two identical SCG arrays with two slots of different widths in each period. The results have shown that the EM transmission spectrum of the DCG structure in the visible and infrared regions can be tuned simply by adjusting the thickness of the air gap between the two SCGs. Moreover, it has been shown that, for air gap thicknesses of 100 nm or more, the transmission spectrum of the DCG structure converges toward that of a SCG structure (i.e., the spectrum contains a single transmission peak). For air gap thicknesses of less than 100 nm, the wavelength shift between the two peaks in the transmission spectrum reduces linearly with an increasing air gap thickness. As a result, the DCG structure provides a good solution for the realization of a simple photonic-based proximity sensor. The FDTD results have shown that the transmission peak of the compound gratings is caused by a change in phase of the input and output waves (i.e., from in-phase to out-of-phase, respectively) as a result of phase resonance within the grating slits. In addition, it has been shown that the order of the FP modes within the two slits are different for studied structures with air gap thicknesses of 0 $ 50 nm. Overall, the present results suggest that the EOT characteristics of the DCG structure are the result mainly of phase resonance within the slits. In other words, the present results are consistent with those presented in [3] for an SCG, which showed that SPPs play only a minor role in determining the transmission characteristics of metallic compound gratings.
